INTRODUCTION
For design and evaluation of supercritical-ftuid extraction processes, it is necessary to have quantitative phase-behavior data. We report here a study of vapor-liquid equilibria for two propane-oil mixtures at temperatures near 400 K and pressures to 55 bar, near the mixtures' critical conditions. The first mixture contains an oil rich in saturated hydrocarbons: the second mixture contains an oil rich in aromatic hydrocarbons. Both oils have number-average molecular·weights in the range 300-350.
These phase equilibria are of interest because for many years, low-molecularweight paraffin solvents (typically, propane) have been used to extract valuable components from heavy crude residua. In many cases, such a process is operated as a liquid-liquid extraction. More recently, however, there is increased interest (Gearhart and Garwin, 1976; Zosel, 1978; Eisenbach et al., 1983) in a concept of operating such extraction processes at elevated pressures and temperatures, near the solvent's critical point, as first propo~ed by Godlewicz (1938) . Regardless of the extraction conditions, solvent recovery from the extracted oil is known to be much more efficient at supercritical conditions, compared to conventional subcritical evaporation (Gearhart and Garwin, 1976) . In addition, when the extraction step is near the mixture critical conditions, the solvent can be regenerated with small changes in temperature and pressure (Cotterman, Dimitrelis and Prausnitz, 1984) . The key input needed to design such supercritical separations is the equilibrium composition of both solvent-rich and oil-rich phases, which is the subject of this study.
Numerous studies have been concerned with design of supercritical-fiuid.;: extraction processes (for example, Brul@! et al., 1983; Cotterman, Dimitrelis and Prausnitz, 1985 ) and many articles have described results for model systems (for comprehensive reviews, see Paulaitis et al., 1983; Williams, 1981) . While industrial supercritical-tluid processes are almost always concerned with mixtures that contain a large number of components, most r.nodel studies for superci"itical-ftuid pi"ocesses • . . 3 h.ave been restricted to binary or ternary sys~em.s. In this work, the heavyhydrocarbo.n fraction is represented as a continuous mixture wherein the composition is given by two continuous distribution functions, one for paraffins and one for aromatics. This representation, called continuous thermodynamics {see, for example, Cotterman, Bender and Prausnitz, 1965; Cotterman and Prausnitz, 1965; Kehlen, R~tzsch and Bergmann, 1965) , is here combined with a new perturbed-hard-chain equation of state to correlate experimental phase-equilibrium data for propane/heavy-hydrocarbon mixtures.
EXPERDIENTAL APPARATUS AND PROCEDURE
Phase-equilibrium measurements for heavy oils should generate relatively large samples because these are needed for subsequent chemical analyses such as boilingpoint data, molecular weight, specific gravity and retention times from liquid chromatography. For th~t reason, a tiow method was chosen for the propane-oil systems, as shown in Figure 1 . In this method, all the feed components ftow through an equilibrium cell at steady state. In contrast to batch techniques, the ftow techniques {Chao et al. , 1964; Simnick et al., 1977; Wilson and Owens, 1977) not only can generate large samples but also allow for short residence times as required for thermally-unstable liquids.
The tlow cell shown in Figure 1 serves as a high-pressure separator in which it is possible to observe phase separation visually. Upstream of the cell,'two high-pressure metering pumps feed the condensable components to a Kenics static mixer. This mixer provides the mixing energy needed to promote mass transfer. Downstream of the cell, two low-pressure· separators, one for each the phase, separate the depressurized effiuents into vapor and liquid. In this way, four samples are generated: vapor and liquid from each of the equilibrium phases. During equilibration, which takes up to 30 minutes, both effluent streams are directed to a knockout pot to bypass the sampling section. After equilibrium is reached, the three-way valves are turned to direct the product streams to the sampling section. For the next 10 to 30 minutes the low~pressure separating vessels are filled with the liquid components and the vapor components pass through the wet test meters to measure. their volume. The amount of liquid is determined gravimetrically.
Three pairs of samples are usually collected from each run. Typically, the vapor samples are GC analyzed {if the vapor contains more than one component) whereas the liquid samples are subjected to chemical_ analyses such as molecular-weight determination and liquid chromatography. The equilibrium~phase compositions are calculated from the material balance based on the measured vapor volume and liquid weight.
Both equilibration and sampling require careful control ofpressure, temperature and liquid level. The cell pressure is adjusted using a micrometering valve mounted on the upper phase line. The liquid level is adjusted using another micrometering valve mounted on the lower phase line. Mixer and cell temperatures are maintained constant using an air bath. Detailed description of the apparatus and procedure, and test results for carbon dioxide and decane, are given elsewhere {Radosz, 1985) .
.llATERIALS
Prior to use, the oils were filtered through a 10-micron filter. Propane of C.P. purity was obtained from Matheson and used without further purification.
" Table 1 shows properties for the two petroleum~derived oils. These oils were obtained from extraction of a single vacuum distillate with N-methylpyrrolidone.
Therefore, as indicated in Table 1 , the two oil samples have similar boiling~point characteristics but have significantly different chemical composition; one oil is rich in saturates {paraffins and naphthenes) and the other is rich in aromatics.
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The saturates and aromatics concentrations were determined with HighPerformance Liquid Chromatography (HPLC) using hexane as a solvent. Other properties measured for the oils are specific gravity, carbon-to-hydrogen ratio and numberaverage molecular weight. Molecular weights are measured using vapor-pressure osmometry, using toluene as a solvent. Table 1 also shows a boiling-point analysis for each oil; this analysis is determined from a gas-chromatographic(GC) simulated distillation. The normal boiling point is indicated at several distillation points. Figure 2 shows the total boilingcpoint curve for the saturates-rich oil. Detailed distillation analyses for each oil and for the aromatic and saturate fractions of each oil are deposited as supplementary material. Tables 2 and 3 give experimental phase equilibria for the two mixtures with propane. The first two columns indicate the temperature and pressure for each experimental run. The last two columns give the solubilities in each phase: first, the solubility (in weight percent) of the oil in the propane-rich (vapor) phase and second, the solubility (in weight percent) of the propane in the oil-rich (liquid) phase. The middle column gives the propane-to-oil weight ratio in the fiow-cell feed stream for each run.
EXPERIMENTAL RESULTS
Weight-percent compositions given in Tables 2 and 3 are averages from at least three measurements. Reproducibility for the propane-rich phase was typically better than 0.005 wt% except near the critical conditions (392.2 K and 55.14 bar) where reproducibility was 0.03 wt% due to extreme sensitivity to small variations in pressure.
Reproducibility for the oil-rich phase was typically better that 0.1 wt% and always better than 0.2 wt%. Overall accuracy is estimated to be twice the reproducibility.
CORRELATION USING AN EQUATION OF STATE
To correlate the phase-equilibrium data for the propane-heavy hydrocarbon mixtures, two separate, but related, problems must be addressed: first, an equation of state must be chosen to represent thermodynamic properties and second, a procedure must be developed to relate equation-of-state parameters to measurable properties of the heavy-hydrocarbon fraction. Phase equilibria are then calculated using continuous thermody~amics. The ·final characterization step requires introduction of binary (or higher) parameters to correlate experimental phase behavior. In this work we adjust binary parameters between propane and each h;~drocarbon class to correlate the flow-cell experimental results.
Equation of State
The equation of state used in this work is based upon the PHC theory, as presented elsewhere (Cotterman et al., 1986) . Only a brief overview is given here.
The molar residual Helmholtz energy a'" is given by the sum of a reference term and a perturbation term. For the reference term, we use a form based on the Carnahan-Starling expression (1972) . We divide the perturbation term a?-" into two parts, each corresponding to a density region:
where a"' is the low-density (second-virial) limit of the perturbation term and all/ is the dense-fiuid limit of the perturbation term; F is a smooth function which 
For a pure fiuid, this extended version of PHc· theory contains three molecular 
where MW is molecular weight. Coefficients for these and other homologous series are reported by Cotterman et al. (1986) .
The PHC equation of state is extended to mixtures through suitable mixing rules that relate mixture parameters to composition and to pure-component parameters.
Two binary parameters are used to correlate binary-mixture behavior: one in the lowdensity region and one in the dense-tiuid region. The binary parameters k:;' and kif correct the geometric mean assumption for the eros~ energetic parameter ei.i:
These parameters are independent of temperature, pressure and composition.
Characterization of Oil Samples
A simple procedure is used to generate molecular-weight distributions for the oils investigated in this study. The composition of each oil is considered to be the sum of two hydrocarbon homologous series: one for the saturates-rich fraction and another for the aromatics-rich fraction. The saturates are represented by the normal-paraffin series and the aromatics by the fused-ring aromatic series. Each fraction in each oil is experimentally characterized by a normal-boiling-point curve.
To represent the composition of the oil fraction with a continuous distribution function, it is necessary to relate experimental characterization data for that oil to some characterizing property. In this work, we choose molecular weight as a characterizing property; hence, the boiling-point curve for each oil is converted to a molecular-weight distribution. As shown in Figure 5 , the normal boiling point is correlated for each hydrocarbon class as a function of molecular weight. This correlation is
given by an empirical function:
where Tb is normal boiling point. Table 4 gives the coefficients for Eq. 5.
Boiling-point data are converted to a molar molecular-weight distribution by numerically differentiating the boiling-point curve, converting the boiling-point axis to molecular weight using Eq. 5 and finally, normalizing the resulting distribution. A smoothed continuous representation of this molecular-weight distribution is obtained with a statistical distribution function: in this work. the beta distribution is chosen since that distribution resembles the experimental distribution. The beta distribution f {u) is a continuous function defined over a finite interval:
where r is the gamma function. u. is the distributed variable, scaled to the range O<u <1. and a and {J are adjustable parameters. These parameters are related to the mean 9 and variance ri through:
To a good approximation, the parameters in the beta distribution are determined from the experimental mean and variance as obtained from the converted boiling-point distribution. The initial and final values of the molecular-weight distribution are determined from the experimental initial and final boiling points. 
Continuous-Thermodynamics Framework
To perform a ftash calculation for a continuous or semicontinuous mixture, we must solve simultaneously the phase-equilibrium and mass-balance equations. These equations are solved using Gaussian quadrature techniques as discussed elsewhere . Gaussian quadrature provides a convenient method
•. to represent accurately integral properties of a continuous feed distribution.
Upon specifying the number of quadrature points, the Gaussian integration formulae estimate the optimal values of molecular weight at which to integrate our molecular-weight distribution.· The number of quadrature points is determined by the required precision of the phase-equilibrium calculations. Our experience with fixedinterval distribution functions. using Chebyshev-Gauss quadrature indicates that five quadrature points are adequate. There ar~ five quadrature points for each hydrocarbon class {ensemble), or a total of ten points for each total oil fraction.
At each quadrature point, the molecular weight is used to calculate equation-ofstate constants from Eqs. 3a-3c. 
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